The crystal structure of a 160-nucleotide domain of a ribozyme provides the first detailed view of an RNA large enough to show side-by-side packing of helices. Several new structural motifs are found: ribose zippers, adenosine platforms and a tetraloop receptor.
The enzyme derived from the Tetrahymena pre-rRNA intron is about 400 nucleotides long and catalyzes two specific phosphodiester exchange reactions that cut the intron out of the transcript and leave properly ligated rRNA. The intron can act in trans as well as in cis; with the appropriate substrates it can be induced to show its ligase, polymerase or endonuclease activities separately. Ribosomal RNA may have other talents; there is evidence that it is the catalytic agent that forms the peptide bond in protein synthesis [2] . Of course, protein enzymes have a much wider range of catalytic activities, so RNA enthusiasts have been trying to teach RNA new tricks. By randomly synthesizing large numbers (of order 10 13 ) of RNA sequences and selecting for various activitiesincluding catalysis, drug binding, protein enzyme inhibition, and so forth -the capabilities of RNA are being greatly extended. The activities can be further improved by allowing the sequences to evolve under selection pressure [3, 4] .
How does RNA do all these marvelous things? We need to know the detailed three-dimensional structures of many different RNA molecules before we can propose reasonable mechanisms for their actions. A major advance in that direction has been made by the recent determination of the crystal structure, at 2.8 Å resolution, of a 160-nucleotide domain from the pre-rRNA intron [5, 6] . Before describing what we can hope to learn from this impressive feat, it is well to review our previous knowledge of RNA structures. Double-stranded RNA adopts an A-form helix, with a narrow, deep major groove -a groove too narrow for an amino-acid side chain to reach in and recognize the bases. The minor groove is shallow, lined with ribose groups, and seems also to be not very promising as a recognition site for proteins. However, the determination of RNA solution structures by nuclear magnetic resonance (NMR) spectroscopy revealed a wide range of structural motifs available for interacting with other RNAs, proteins and small molecules: namely, hairpin loops, internal loops, and bulges (see Fig. 1 ). Recently, the crystal structures of a small (about 45 nucleotides) 'hammerhead' ribozyme were determined at high resolution [7] [8] [9] . Hammerhead ribozymes occur in RNA plant viroids, which autocatalytically cleave to the correct length after synthesis as a multimer from a circular DNA template. These structures did not reveal why, or how, the labile phosphodiester bond is cleaved, but they did produce some new structural motifs as well as further examples of known motifs.
The new structure [5, 6] , the largest ever solved for RNA, provides a wealth of novel information about RNA structures and interactions. It illustrates how RNA helices and loops can interact with each other to form a compact three-dimensional structure. That is, it shows us ways that RNA tertiary interactions can fold secondary structures into a functional molecule. It is comforting, however, that this new structure also contains some of the well-established structural motifs. It would be very daunting if every new RNA molecule turned out to contain only new motifs. Another reassuring result is that the crystal structure provides precise justification for the existence of solvent-accessible or buried groups in the molecule, previously established in solution by the Cech group.
The structure includes three ion-binding sites in the major groove of the helices, each involving G U base pairs [10] . In the crystal, these sites were filled by osmium hexammine or cobalt hexammine. The heavy atoms were used to establish the phases of the X-ray diffraction pattern, but normally the sites are probably occupied by magnesium hydrates. Divalent metal ions are required for correctly folding RNA molecules and are directly involved in the catalytic activity of ribozymes; establishing their locations is very important.
There are two RNA molecules in the asymmetric unit of the crystal. The 160-nucleotide domain is slightly less than half of the catalytic molecule, but it can assemble in trans to form a catalytically active complex. The structure does not contain the active site of the enzyme, and cannot explain the catalysis, but it does reveal new RNA structural motifs, and it suggests how even bigger RNA molecules can be crystallized and their structures solved. The secondary structure (Fig. 1) was established by phylogenetic comparisons of hundreds of group I intron sequences [11] . It shows a typical combination of Watson-Crick double helices, hairpin loops, internal loops, bulges and a three-way junction. Several G U and G A pairs, identified in the crystal structure, are indicated.
The crystal structure shows that the two long helices of the domain are bent at junction J5/5a by an angle of ~150°a nd lie side-by-side, held together at two places (Fig. 2) . The A-rich bulge links helix P4 and the three-way junction. The first two adenosines, A183 and A184, bind the minor groove of helix P4; the last two, A186 and A187, bind in the three-way junction. Base A186 stacks on the two sheared G A base pairs at the top of helix P5b, which forms the bottom of the three-way junction. The crowded phosphates in this compact structure bind two Mg 2+ ions, with the phosphate oxygens directly bonded to the Mg 2+ .
The GAAA hairpin loop at the end of helix P5b belongs to the 'GNRA' class (N is any base, R is a purine) of very common tetraloops. The structure of the loop is the same as that found previously by NMR [12] and in a hammerhead ribozyme [7] [8] [9] . It has a sheared G A base pair; the hydrogen bonding in this type of pair leaves the Watson-Crick faces of the adenine and guanine available for further bonding. The tetraloop docks into its receptor (J6a/6b) with the three adenines of the tetraloop stacked on two adjacent adenosines of the receptor, which form an adenosine platform.
Adenosine platforms occur three times in this 160-nucleotide RNA (boxed in Fig. 1 ). They consist of adjacent adenosines that form a pseudo base pair within the helix. A non-Watson-Crick base pair below each platform shifts the base pairs to increase stacking with the platform. In addition to stacking, the tetraloop adenosines make specific hydrogen bonds with the receptor nucleotides, involving base triples, A A pairs and hydrogen bonds to the 2′-hydroxyls of ribose groups. The two helices of the domain are thus held rigidly at an ~30° angle (see Fig. 2 ). The helices are tightly packed with close contacts between hydrogen-bonding riboses that form 'ribose zippers'.
The asymmetric internal loop J4/5 forms part of the substrate binding site of the ribozyme. It contains two sheared A A base pairs that distort and widen the minor groove. In the crystal, these J4/5 regions form intermolecular hydrogen bonds between the two adjacent molecules in the unit cell. The 2′-hydroxyl of an adenosine in one molecule makes hydrogen bonds to the 2′-hydroxyl and N3 position of an adenosine in another molecule. An analogous bonding pattern may occur on substrate binding.
The regions J6/7 and J3/4 link the domain to the rest of the ribozyme. They are critical for arranging all the parts Dispatch 1375
Figure 1
The secondary structure of an independently-folding domain of the Tetrahymena pre-rRNA group I intron. The secondary structure consists of Watson-Crick helices, plus hairpin loops at the ends of helices, internal loops interrupting helices, a bulge and a three-way junction. Non-Watson-Crick G U, G A and A A base pairs are indicated by black dots; Watson-Crick base pairs are indicated by black squares. Three adenosine platforms are boxed. The color coding corresponds to the colors used in the three-dimensional structure (Fig. 2) . correctly, and they are thought to involve formation of specific base triples -the 5′-end in the minor groove of helix P6 and the 3′-end in the major groove of helix P4 [11] . The crystal structure differs substantially from the proposed triples, but the guanosines added to the end of the molecule for synthetic purposes, plus the truncation of the molecule, may have perturbed this part of the structure.
The amount of new structural information obtained from this one molecule is dazzling. A lock-and-key structure places a common tetraloop into a receptor. This will surely occur often in other intramolecular and intermolecular RNA interactions. Adjacent adenosines form handy platforms for stacking bases, and maybe for stacking aromatic amino acids. Divalent metal-ion-binding sites are formed from G U base pairs, or from compact arrangements of phosphate groups. Helix-helix interactions involving metal ions plus hydrogen bonding among bases, riboses and phosphates produce a solvent-inaccessible 'inside' to an RNA molecule. These motifs are beginning to provide the understanding required to appreciate the folding of large ribozymes, the spliceosome and the ribosome. The three-dimensional structure at 2.8 Å resolution of the 160-nucleotide domain from the Tetrahymena pre-rRNA intron. Two long helical regions are held rigidly together by a network of hydrogen bonds and by stacking interactions. The A-rich bulge and the three-way junction form a tight interaction with helix P4, and the GNRA tetraloop docks with its receptor. This illustrates the types of interaction that help fold large RNA molecules. (Reproduced with permission from [5] ).
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